phases. The relative orientation of the phases affects the replacement dynamics and can induce growth twins in the Au nanowire phase. In the case of a limited Au supply, the metal phase can also become liquid.
Keywords: Nanowire, solid state replacement, in situ, annealing, GaAs, Au Semiconductor nanowires are interesting candidates for future electronic and optoelectronic devices [1] [2] [3] . In nanowire device applications, metal contacts are typically made to the nanowires, and the performance of the device is often reliant upon the contact properties between the metal and the semiconductor. Normally, a thermal annealing step is performed to improve the contact quality. The interplay between the metal and semiconductor phases at elevated temperatures therefore needs to be understood. Recently, several studies have reported on the heat-induced, solid state replacement of semiconductor nanowires by metal [4] [5] [6] [7] [8] [9] [10] [11] . In general, these studies are motivated by improved control of the electrical contact properties. The first report of this phenomena was on the replacement of Si nanowires by metallic nickel silicide (NiSi) 4 . Other material systems studied include Si-PtSi 5 , Ge-Cu 3 Ge 6 , ZnO-In 7 , Ge-Al 8 , as well as GaAs-Au with varying intermediate metal stacks deposited (Ge/Ni/Ge/Au, Pd/Ge/Au, Ni/Ge/Au, Ni/Ge/Au/Ni/Au) [9] [10] [11] . Solid state replacement has also been reported for GaAs nanowires grown with a Au catalyst 12 , but this case differs significantly from the comparatively large volume of metal available in a deposited contact, as will be shown below. For some of the systems, a distinct epitaxial relationship between the phases was reported, while the absence of an epitaxial relationship was only reported for one specific case 7 .
For the GaAs-Au based systems, a detailed structural analysis of the newly formed metal phase nanowire and the reaction dynamics during its formation is still lacking. It is also of interest whether there is an induced crystal orientation relationship between the two phases. An earlier study on GaAs-Au with a Ni/Ge/Au metal stack reported diffusion of Ga into the Au and abrupt transitions based on scanning electron microscopy (SEM) observations 9 . Additionally, studies on thin-film based GaAs-Au systems have shown that: i) As evaporates into the vacuum/atmosphere 13, 14 ; ii) Ga dissolves in the Au until it reaches a temperature dependent solubility limit, at which point the reaction stops 14, 15 ; and iii) that the slowest reaction direction is normal to the {111} GaAs crystal planes, with a preference for forming As-terminated {111} surfaces 16, 17 .
Here, we report a detailed in situ study of the crystal structure development of the heat-induced solid state replacement in the GaAs-Au nanowire system using atomic number contrast in highangle annular dark field (HAADF) scanning transmission electron microscopy (STEM). The pure GaAs-Au system (i.e. without any intermediate metal stacks) was chosen as a model system. No fixed orientation relationship between the newly formed, one-dimensional Au phase and the GaAs phase was found. Additionally, by studying the process in situ for different nanowires, and for a broad range of temperatures, the structure of the growth front could be identified down to the atomic level, as well as the reaction kinetics of the replacement process.
The GaAs nanowires used in this study were grown on Si using self-catalyzed vapor-liquidsolid growth in a molecular beam epitaxy system (for details see Supporting Information S1) 18, 19 .
The nanowires were grown in the [111]B direction (As-terminated, designated as ሾ1 ത 1 ത 1 ത ሿ hereafter), and have a hexagonal cross-section with {11 ത 0} surface facets. The in situ TEM specimens were prepared by dispersing the nanowires in isopropyl alcohol, and then micro- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 pipetting the solution onto a heating holder chip (DENS Solutions) with several 50 nm thick SiN windows (see Figure 1a) . Contacts to the nanowires were made by depositing Au by sputtercoating and using electron beam lithography (EBL) to define the contact patterns. For nanowires on off-center windows (NW-A and NW-B below), the temperatures have been scaled by a calibration factor as supplied by the manufacturer. These calibration factors have an uncertainty of about 10 %, but the high measurement precision of the relative temperatures is retained, which is the most important metric for the reaction kinetics analysis performed in this Letter. Due to the design of the chip, temperature changes were near instantaneous (up to 200 °C/ms) compared to the STEM image acquisition time. Crystal orientation mapping of the nanowires was performed after the heat treatment using a JEOL 2100F TEM equipped with a scanning precession electron diffraction system (Nanomegas ASTAR) 21 . The analysis of the crystal orientation mapping data was done by first indexing the orientation of the dominant phase for each scan pixel using the Nanomegas software suite, and then inspecting the resulting orientation maps using the software package MTEX 22 . The orientation measurements were performed at 240 °C, and the results reveal that there is no clear, fixed relationship between the crystallographic orientation of the Au and GaAs phases ( Figure 2 ).
Selected-area electron diffraction analysis at room temperature of other heat-treated Au-GaAs nanowires gave similar results (not shown). It is assumed that the orientation of whichever grain from the polycrystalline deposition that becomes dominant in the initial stage of the replacement determines the prevailing orientation. A deposition method that controls the initial crystal orientation of the Au on the nanowire is required to achieve full control of the Au-GaAs interface formation. In Figure 2b -e, the crystal orientations parallel to specific directions have been colorcoded according to the color key in Figure 2g . These directions were chosen to be normal to the original GaAs nanowire surface facets and parallel to its growth direction, as indicated in Figure 2a ). The formation of these twins could therefore be observed in situ during the heat treatment, and they were found to always nucleate at or near the vacuum-Au-GaAs triple-point. They are therefore growth twins and not deformation twins as more commonly observed for Au nanowires 23 . Once formed, the twins stay fixed during subsequent heating and cooling. From these observations, it is clear that the Au phase of the nanowire remained solid for the duration of the experiment. The Au phase twinning density in NW-B decreased as the temperature was increased, which suggests a temperature dependence of the twin formation. The twinning of the Au phase was found to affect the replacement rate in NW-B, which at times gave rise to a staggered growth front across the twin boundaries (see Supporting Information video S1). The effect of relative orientation on the replacement rate will be discussed further below. Energy dispersive x-ray spectroscopy (EDX) of reacted nanowires showed Ga concentrations below the detection limit (~1 at.%), indicating that the Ga diffusion in the Au is fast compared to the replacement rate. The stability of the specimen holder and the microscope allowed for lattice-resolved high resolution STEM (HRSTEM) during the replacement process (Figure 3a-e) . The Au-GaAs interface mainly followed the GaAs (111) plane (i.e. normal to the nanowire growth direction), but other interface orientations were also observed for shorter periods of time. This is in agreement with thin-film studies, which show that the slowest direction for Au-induced decomposition of GaAs is normal to the {111}-planes 16, 17 . The (111) interface is also the interface-plane with the smallest cross-sectional area for these nanowires. In all cases, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 interface was abrupt, with little or no observable in-diffusion of Au into the GaAs ahead of the Au-GaAs interface. The in situ HRSTEM observation revealed that the replacement happens one GaAs bi-layer at a time (see Supporting Information video S2, and Figure 3c -e), which differs from the ledge migration process observed for the solid state replacement of ZnO-In nanowires 7 .
For the majority of the observations, the interface seems to consist of a complete bi-layer.
However, it is not possible to discount partial dissolution of the Ga-columns, which should be considered likely due to the prevalence of the (2 x 2) vacancy surface reconstruction of the GaAs(111)A interface to vacuum/air 24 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 boundary, which can be observed since one of the grains is partially aligned along one crystal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to 354 °C for the last time series (see temperature profile in Figure 4a ). To facilitate the wide range of observed interface velocities (3 -300 Å/min), three different STEM magnifications were used (200 kX, 400 kX, and 800 kX). The magnification changes were performed at 300 and 312 °C, as indicated in Figure 4a . A time series was recorded before and after each magnification change at the same temperature, in order to correct for any calibration errors. The observed replacement rates are consistent with the lower limit of those reported in an earlier study, where velocities in the range of 300-9000 Å/min were reported at 360 °C 9 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The regression line and extracted interface velocity are indicated. and S2. The standard deviation of the regression was typically two orders of magnitude smaller than the fitted value. The linearity of the data was also assessed by fitting a second order polynomial, which were then evaluated on its reduction of fitting error compared to the first-order case (for details see Supporting Information Table S3 ). In general, it was found that the second order polynomial was able to add very little fitting accuracy, except in one case: NW-B's replacement experienced a significant acceleration during the time series at 327 °C. This acceleration coincides with the change of the dominant twin in NW-B, i.e. the change from grain 1 to grain 2 in Figure 2c (see also Supporting Information video S1).
Finally, the temperature dependence of the interface velocity was analyzed by the logarithmic Arrhenius equation:
where v is the interface velocity, E a is the activation energy, T is the absolute temperature, k B is
Boltzmann's constant, and A is a prefactor (often called the frequency factor). The equation was fitted using least squares linear regression to extract the effective activation energy of the nanowire replacement reaction. For NW-A ( Figure 4d ) the activation energy was found to be 124 kJ/mol. For NW-B (Figure 4e ), two distinct regimes could be identified. In regime I, the replacement reaction had slightly higher activation energy than that of NW-A (154 kJ/mol).
Regime II corresponds to the time after the acceleration of the reaction at 327 °C as discussed above, i.e. approximately when grain 2 in Figure 2c becomes the dominant twin. After this initial velocity increase, a lower activation energy was found (64 kJ/mol). This indicates that both the reaction rate and the activation energy depend on the relative orientation of the Au and GaAs phases. Together with the interface polarity effect seen in thin-films 15, 16 , this could explain the large variation in the reaction rates found by Orrù et al. 9 . The estimated activation energies are lower than those found for the ZnO-In nanowire system (325.2 and 188.7 kJ/mol) 7 . The accuracy of the activation energies as found by the Arrhenius plot is robust against errors in both the spatial calibration (no effect) and temperature calibration (< 2 % effect for the data presented here) as long as the relative differences are precisely determined. A detailed derivation of the accuracy is included in the Supporting Information S3.
NW-A and NW-B were connected to a large Au reservoir during the entire heat treatment. This reservoir acts both as a constant source of Au, and a sink for Ga to diffuse into. When this connection is broken as it did for a different nanowire (NW-C, see Figure 5a and Supporting Information video S3), the dynamics of the exchange process differ distinctly. The cause of the disconnection of NW-C could not be identified as it occurred while the interface was underneath the thick Au layer, and therefore not observable in the TEM. Despite this disconnection, the replacement process continued with the limited amount of Au available. EDX analysis of the metal phase shows that the metal segment is comprised of Au and Ga (inset in Figure 5c ), reinforcing the earlier expectations that As evaporates 13, 14 , and that the Ga dissolves into the Au 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 consequently Ga content, was increased. Quantitative EDX analysis indicates an average Ga concentration of 50 at.% in the metal phase depicted in Figure 5c . The volume of the disconnected metal segment increased as the replacement processes progressed, as would be expected due to the influx of Ga. This enrichment of Ga causes a reduction of the reaction rate as it approaches the solubility limit at a given temperature 14 . This was observed as a marked decrease in replacement rate over time, almost until the point of a complete halt. A further increase in the temperature caused the replacement reaction to continue, with again a decreasing reaction rate over time. This observation is relevant for GaAs nanowires grown with Au as a growth catalyst, as they should only undergo a limited amount of solid state replacement if they are reheated, due to the limited ability of the growth catalyst to dissolve Ga. It is also relevant for nanowire device designs, where greater fabrication control of the Au-GaAs junction can be achieved by controlling the volume of deposited metal compared to that of the nanowires prior to
annealing. This will in essence make the reaction self-limited. Upon cooling, the metal phase in NW-C mainly recrystallized into the AuGa intermetallic phase 26 , as determined by electron diffraction, corresponding well with the Ga content found by EDX. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The Au-GaAs interface for NW-C differed distinctly compared to those of NW-A and NW-B.
By HRSTEM (Figure 5b ) it can be seen that the As atomic columns of the GaAs bilayer at the interface have a higher intensity. This is different from what was observed for NW-A and NW-B, which is likely due to the fact that NW-C has its (111) As shown above, NW-A and NW-B kept their size and shape during the solid state replacement. Additionally, the crystal orientation mapping in Figure 2b -e revealed that the surface facets of the Au phase do not correspond to any low-order crystal planes. As Au is highly mobile at the elevated temperatures used, it would be natural to expect that lower energy surface facets would form (typically {111} facets 29 ). EDX spectral imaging reveals that the original encasing GaO x layer remains after Au replacement of the GaAs nanowire (Figure 5a, d ). We therefore suspect that the gallium oxide enforces its shape on the Au, either by sterically hindering it from expanding, or by reducing the interfacial energy such that the Au is prevented from shrinking. This is corroborated by the fact that the newly formed Au phase follows the existing roughness of the GaAs/GaO x when replacing the GaAs (see Supporting information video S1 and S3). It should be pointed out that for NW-C, the liquid metal phase was able to expand beyond the boundaries of the original GaAs nanowire (Figure 5c ) because the GaO x layer broke up and coalesced at these elevated temperatures (see Supporting information video S3).
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